Impaired CBF autoregulation during vasospasm after aneurysmal subarachnoid hemorrhage (SAH) could reflect impaired capacity of distal vessels to dilate in response to re duced local perfusion pressure or simply indicate that the per fusion pressure distal to large arteries in spasm is so low that vessels are already maximally dilated. Autoregulatory vasodi lation can be detected in vivo as an increase in the parenchymal cerebral blood volume (CBV). Regional CBV, CBF, and oxy gen extraction fraction in regions with and without angio graphic vasospasm obtained from 29 positron emission tomog raphy studies performed after intracranial aneurysm rupture were compared with data from 19 normal volunteers and five patients with carotid artery occlusion. Regional CBF was re duced compared to normal in regions from SAH patients with and without vasospasm as well as with ipsilateral carotid oc-Autoregulation of cerebral blood flow (CBF) to changes in systemic arterial pressure has been exten sively studied in patients with aneurysmal subarachnoid hemorrhage (SAH). During the early period before the development of vasospasm, autoregulation is often intact unless complicating factors such as hydrocephalus or in tracerebral hemorrhage exist. With the development of large artery vasospasm, autoregulation is typically im paired (Darby et aI.Abbreviations used: ACA, anterior cerebral artery; ANOV A, analy sis of variance; CBV, cerebral blood volume; CPP, cerebral perfusion pressure; CT, computed tomography; MCA, middle cerebral artery;
c1usion (P < .0001). Regional oxygen extraction fraction was higher during vasospasm and distal to carotid occlusion than both normal and SAH without vasospasm (P < .0001). Re gional CBV was reduced compared to normal in regions with and without spasm, whereas it was increased ipsilateral to ca rotid occlusion (P < .0001). These findings of reduced paren chymal CBV during vasospasm under similar conditions of tissue hypoxia that produce increased CBV in patients with carotid occlusion provide evidence that parenchymal vessels distal to arteries with angiographic spasm after SAH do not show normal autoregulatory vasodilation. Key Words: Cere bral blood volume-Cerebral aneurysm-Subarachnoid hem orrhage-Vasospasm-Autoregulation-Cerebral blood ves sel.
mally, as regional cerebral perfusion pressure (rCPP) de creases, distal arterioles dilate. Vascular resistance is re duced, thus maintaining CBF and brain oxygenation. When vasodilation can no longer compensate for reduc tion in rCPP, this autoregulatory mechanism fails with subsequent reduction in CBF if CPP decreases further (Grubb et aI., 1975; Kontos et aI., 1978; MacKenzie et aI., 1979; Paulson et aI., 1990; Powers, 1992) . Thus, impaired autoregulation of CBF in response to changes in systemic arterial pressure in patients with arterio graphic spasm of large arteries at the base of the brain could be due either to impaired capacity of the distal vessels to dilate appropriately in response to reductions in local perfusion pressure or simply reflect the fact that the perfusion pressure distal to a large artery in spasm is already so low that the autoregulatory vessels are maxi mally dilated.
Autoregulatory vasodilation of distal blood vessels can be detected in vivo by measuring an increase in the parenchymal cerebral blood volume (CBV) (Gibbs et at, 1984; Powers, 1991) . Previous studies of CBV in pa tients with SAH and vasospasm have yielded conflicting results. (Grubb et aI., 1977; Hino et aI., 1989; Carpenter et aI., 1991) . To further investigate the changes in pa-renchymal vessels that occur with aneurysmal vaso spasm, we have analyzed all positron emission tomog raphy (PET) studies performed at our institution on pa tients after SAH. Nineteen age-matched volunteers served as normal controls. Five patients with extracranial carotid artery occlusion, normal computed tomography (CT) scans, and increased oxygen extraction fraction (OEF) ipsilateral to the occlusion served as an additional comparison group in whom reduced tissue oxygenation is expected to produce autoregulatory vasodilation of paren chymal vessels (Gibbs et aI., 1984; Powers et aI., 1984) .
METHODS

Subjects
Aneurysmal SAH. Twenty-nine PET studies of regional CBV (rCBV), regional CBF (rCBF), regional OEF (rOEF), and regional CMR02 (rCMR02) performed on 18 patients after aneurysmal SAH were identified from our laboratory records.
The ages of the patients ranged from 24 to 70 years (mean age, 44 years). Clinical characteristics for this group are shown in Table 1 . Data from 16 of 29 PET studies were presented in an earlier publication (Carpenter et a!., 1991) . This previous study was intentionally limited to preoperative patients without con founding factors such as hydrocephalus, intracerebral hemor-rhage, or later evidence of ischemic stroke. The present study includes all patients studied as part of a research project inves tigating cerebral hemodynamics and metabolism after SAH performed from 1981-1988. None of the patients with SAH received calcium antagonists or vasopressor. Several received phenobarbital or epsilon amino caproic acid (Amicar®).
Cerebral arteriography was performed within 1 day of PET for all but three studies. One patient underwent PET on day 3 with arteriography performed on day 1 and day 6 post-SAH.
(Day of PET refers to day post-SAH, with hemorrhage occur ring on day 0.) Both arteriograms revealed vasospasm. The second patient had a PET study performed on day 15 with arteriograms on day 9 and day 18 post-SAH that both showed vasospasm. The third patient underwent arteriography on day I post-SAH which showed no evidence of vasospasm and had a PET study performed 2 days later. None of these patients had clinical changes between the time of angiogram and PET study.
For the purposes of this report, the first two patients were categorized as having vasospasm at the time of PET and the third was categorized as having no spasm. the onset of angiographic vasospasm, or by measuring the ar terial caliber in the unaffected contralateral hemisphere. Spasm was graded as severe if the caliber of the artery was reduced by greater than 50% and mild if the caliber reduction was less than 50% (Grubb et aI., 1977; Carpenter et aI., 1991) . For this report, arterial territories with mild and severe spasm were combined into one group.
Normal volunteers. PET studies were also performed on 19 age-matched normal volunteers. Their ages ranged from 24 to 75 years (mean age, 45 years). Six of volunteers, aged 68 to 75 years, were volunteer participants in the Washington University Memory and Aging Project. Each had a clinical interview, gen eral physical examination, standardized 2-hour battery of psy chological tests, blood and urine tests, and a CT scan of the brain. Only those classified as normal and healthy according to previously published criteria were included in our study (Berg et aI., 1982) . The remaining 13, aged 24 to 50 years, were volunteers who had no history or evidence of neurologic dis ease and were recruited by public advertisement.
Carotid occlusion. We also identified from our laboratory records all PET studies of rCBF, rCBV, rOEF, and rCMR02 performed on patients with unilateral carotid artery occlusion who had normal head CT scans. We chose only patients with normal head CT scans to eliminate the complex changes in cerebral hemodynamics and metabolism that follow ischemic stroke (Powers, 1992) . From this group we selected all patients with increased OEF distal to the occluded vessel. Five patients met these criteria. Although not a criterion for inclusion, all five patients had a history of transient ischemic attacks. Their ages ranged from 47 to 70 years (mean age, 61 years). We and others have described increases in CBV in similar patients (Gibbs et aI., 1984; Powers et aI., 1984) .
Patient and normal volunteer PET studies were intermixed throughout the same period. All were all studied on the same scanner with the same methods. rCBF was measured after bolus intravenous injection of 150_ labeled water (H2150) (Videen et aI., 1987; Raichle et aI., 1983) . rCBV was measured after brief inhalation of 150_ labeled carbon monoxide (C150) (Videen et aI., 1987; Martin et aI., 1987) . rOEF was measured after a brief inhalation of 150_ labeled oxygen (0150) (Videen et aI., 1987; Mintun et aI., 1984) . rCMR02 was calculated as the product of rCBF, rOEF, and arterial oxygen content (Ca02). The regional cerebral ve-nous oxygen content (rCv02) was calculated from the formula Ca02 x (1 -rOEF). Subjects' eyes and ears were not masked.
The short half-life of 150 (122.1s) allowed these studies to be performed in rapid succession. Total study duration ranged from 1 to 2 hours. All radiotracers were produced by the Wash ington University medical cyclotrons (Welch and Kilbourn., 1985) .
During each subject's PET study a minimum of three arterial blood samples were taken and analyzed for the Paco2, hemat ocrit, and Cao2.
Analysis
For each subject's PET study, a stereotactic system was used to define 18, 1.43 x 1.43 cm regions of interest (ROI), 7 in the cortical territory of each middle cerebral artery, and 2 in the cortical territory of each ACA (Powers et aI., 1985) . Each ROI was placed deep to the cortical surface to avoid the effect of partial volume averaging from the pial vessels, skull, and scalp.
Any region that fell into an area of reduced CMR02 that cor responded to ischemic infarction or hematoma on CT was re moved from the analysis. 
RESULTS
Data are summarized in Table 2 . Patients with SAH without vasospasm showed significant reductions in CBF, CMR02, and CBV compared to normal controls whereas OEF was normal. Patients with vasospasm also showed significant reductions in CBF and CBV. CMROb although lower than normal, was not signifi cantly different whereas OEF was significantly in creased. Patients with carotid occlusion also showed sig nificant reductions in CBF with no change in CMR02. Both OEF and CBV were significantly increased. Find ings similar to OEF but in the opposite direction were All physiologic measurements are expressed as mean ± one SD. SAH, subarachnoid hemorrhage; VSP, vasospasm; ANOVA, analysis of variance; rCBF, regional cerebral blood flow (mL 100g" min"); rCMR02, regional cerebral metabolic rate of oxygen (mL 100g" min, I ); rOEF, regional oxygen extraction fraction; rCBV, regional cerebral blood volume (mL lOOg, I ), rCv02, regional cerebral venous oxygen content (vol%), Ca02, arterial oxygen content (vol%); Paco2, arterial carbon dioxide tension (mm Hg).
found for rCv02. No differences in PaC02, hematocrit, and Ca02 were found. A closer comparison of the patients with vasospasm and those with carotid occlusion shows that these two groups were closely matched for rCBF (28.3 ± 7.9 versus 30.1 ± 4.4 mL 100 g-l min-I ), rOEF (.51 ± .09 versus .54 ± .08) and rCv02 (7.81 ± 1.6 versus 7.99 ±1.0 vol%). The rCBV findings were very different, however. In pa tients with vasospasm, rCBV (3.81 ± 0.94 mL 100 mg-I ) was significantly less than normal (4.62 ± 1.1) whereas in patients with carotid occlusion rCBV (5.60 ± 1.4) was significantly higher than normal. Because the five pa tients with carotid occlusion had been chosen from a larger group based on the finding of increased OEF, we also separately considered those patients with SAH and vasospasm who had increased OEF. Fifteen of 23 pa tients with SAH and vasospasm had OEF values above the upper limit of 0.50 observed in the control group. Mean CBV in this subset of 15 patients was 3.50 ± 0.86 mL 100 g-I , even less than in the total group of 23.
DISCUSSION
Autoregulation can be defined on a regional basis as the ability of individual resistance vessels to dilate in response to reductions in perfusion pressure and constrict in response to increases in perfusion pressure (Paulson et aI., 1990) . The vasodilatory responses to reduced perfu sion pressure have been studied primarily in visible pial arterioles but small parenchymal arterioles are believed to participate as well (Kontos et aI., 1978; MacKenzie et aI., 1979) . Vasodilation in response to global or regional reductions in CPP produces an increase in CBV, which can be measured using a variety of techniques including PET (Ferrari et aI., 1992; Grubb et aI., 1973; Grubb. et aI., 1975; Toyama et aI., 1990; Gibbs et aI., 1984; Powers et aI., 1984; Powers et aI., 1987) .
Autoregulation of CBF to changes in systemic arterial pressure is defective in the majority of patients with an giographic vasospasm of large arteries after aneurysmal SAH (Darby et aI., 1994; Voldby et aI., 1985; Ishii, 1979; Nornes et aI., 1977; Heilbrun et aI., 1972) . Such abnor malities could be due to impaired capacity of the distal vessels to dilate appropriately in response to reductions in local perfusion pressure or simply reflect the fact that the perfusion pressure distal to the large arteries in spasm is already so low that the vessels are maximally dilated. Under the latter circumstances, rCBV will be increased.
In this study, we found that patients with aneurysmal SAH without vasospasm showed reductions in CBF, CMR02, and CBV with normal OEF. This is the pattern of primary metabolic depression as defined by Sette et aI. (1989) in which reduction in metabolic demand cause secondary decrease in CBF with attendant constriction of parenchymal vessels. Similar findings in a subset of these patients were reported by Carpenter et aI. (1991) and attributed to the effects of the subarachnoid blood. In the patients with SAH and arteriographic vasospasm, CBF and CBV were decreased with minimal change in CMR02 and with increased OEF. The pattern of reduced CBF with increased OEF has been termed misery perfu sion (Baron et aI., 1981) . When this pattern of misery perfusion occurs in patients with chronic atherosclerotic obstruction of the carotid arteries, it is associated with increased CBV reflecting autoregulatory vasodilation of parenchymal vessels as it was in the patients with carotid artery occlusion in this series (Gibbs et aI., 1984; Powers et aI., 1991) . Even in the setting of coincident metabolic depression with misery perfusion, CBV is still increased (Sette et aI., 1989) . However, the patients with SAH and vasospasm in this series did not show increased CB V in the setting of misery perfusion. In fact, CBV was sig nificantly less than normal controls. While there are sev eral possible explanations for this finding, we believe that it shows a primary impairment in the capacity of distal parenchymal vessels to undergo normal autoregu latory vasodilation during the period of large artery va sospasm after SAH.
Experimental research has shown that the main stimu lus to autoregulatory vasodilation in vivo is reduced tis sue oxygenation (Wei et aI., 1984; McPherson et aI., 1988; Kontos et aI., 1978a) . rCyo2 is a good indicator of tissue oxygen level because there is little barrier to dif fusion of oxygen even under conditions of reduced CBF (Ye, 1994; Sharan et aI., 1989) . The stimulus for auto regulatory vasodilation in the regions distal to large ar tery vasospasm (in terms of the degree of regional tissue hypoxia as measured by rOEF and rCy02) was practi cally identical to that measured in the patients with ca rotid occlusion who did show vasodilation. CBV may return toward normal with severe reductions in CPP, but it does decrease to less than normal levels (Ferrari et aI., 1992; MacKenzie et aI., 1979) . If autoregulation were intact, a reduction in CBV could only result if the per fusion pressure distal to the large artery spasm were higher than normal and produced compensatory vaso constriction. Because none of these patients were treated with hypertensive therapy at the time this study was per formed in the 1980s and all had reduced CBF, this is not a reasonable possibility. Autoregulation may be impaired after cerebral ischemia, even when normal CPP has been re-established (Powers, 1992) . With early ischemic in farction, no significant changes in CBV are observed (Furlan et aI., 1996; Hakim et aI., 1989; Pappata et aI., 1993) . With time, CBV may decrease, but this decrease is associated with a profound decrease in CMR02 (Tou zani et aI., 1995; Young et aI., 1996) . Areas with pro found decreases in CMR02 that corresponded to infarc tion on a CT scan were eliminated from this analysis. Although several of the patients with vasospasm went on to develop cerebral infarction, there was no difference in CMR02 when compared to normal controls at the time of their PET study. Furthermore, in our previous report, which excluded those patients who went on to have CT evidence of infarction, we observed similar reductions in rCBF and rCBV and increases in rOEF.
We cannot ascribe our findings to other factors affect ing vascular reactivity. Differences in PaC02 and Ca02 can impair normal autoregulatory vasodilation (Paulson et aI., 1990; Maruyama et aI., 1985) . There was no dif ference in PaC02, Ca02, or hematocrit among any of the patient groups or normal controls. We also do not believe that the observed differences were related to medica tions. All of the PET studies were completed in the 1980s. None of the patients with SAH received calcium antagonists or vasopressors. Many of the SAH patients received epsilon amino caproic acid (Amicar®). There is little information available on the cerebrovascular effects of this drug, but what data there are do not indicate that it has vasoconstrictive properties in vivo (Yamaura et aI., 1980; Barry et aI., 1982) . Some patients also received phenobarbital. Even at anesthetic doses, phenobarbital does not inhibit autoregulation (Donegan et aI., 1985) .
Previous studies of CBV in patients with SAH have yielded conflicting results. Grubb et ai. (1977) reported a statistically significant increase in CBV in Hunt/Hess grade III-IV patients with angiographic vasospasm when compared to normals. Part of the explanation for the difference between these results and the present series may be methodologic. Grubb et aI. used a multiprobe radiation detection system that was targeted primarily on the pial vessels. In this study, we intentionally set our regions of interest deep to the cortical surface to mini mize any partial volume averaging effect from the ves sels of the scalp, skull, and pia. In an arteriographic study, Bergvall et ai. (1973) frequently observed dilation of the distal pial arteries co-existing with proximal arte rial vasospasm. However, since we showed an increase in CBV in patients with carotid occlusion using the same region location, we know that these parenchymal vessels participate in the autoregulatory response and that the response can be detected by PET. In a PET study of SAH, Hino et ai. (1989) reported a significant increase in CBV in regions of symptomatic angiographic vaso spasm. They did not, however, observe an increase in rOEF as we did. Thus, vasospasm was less severe than in the present study. Grubb et ai. (1977) did not report OEF values, but examination of the CBF and CMR02 data indicates that OEF was probably not increased in the patients with vasospasm as compared to those without. It may be that only with severe vasospasm do the paren chymal vessels lose the capacity for autoregulatory va sodilation.
In conclusion, we have shown that parenchymal CBV is reduced in patients with vasospasm secondary to an eurysmal SAH under conditions of tissue hypoxia that produce increased CBV in patients with carotid occlu sion. We have not been able to identify any factors to account for this difference other than a direct effect of SAH. These observations provide evidence that distal parenchymal vessels do not show normal autoregulatory vasodilation in patients with angiographic large-vessel vasospasm after SAH.
